The melon fly, Zeugodacus cucurbitae (Coquillett), is a serious pest of tropical horticulture, causing damage to cucurbits, tree fruits, and fruiting vegetables. Melon flies are especially attractive to freshly sliced cucumber, and this has led to the identification of a nine-compound kairomone lure that can be used to trap both female and male flies. In this study, a seven-compound lure, containing (Z)-6-nonenal, (Z)-6-nonen-1-ol, 1-octen-3-ol, (E,Z)-2,6nonadienal, (E)-2-nonenal, hexanal, and 1-hexanol, was formulated into PVC plugs (100 or 300 mg/plug) for field testing in wet traps. In Hawaii, 100 mg of the seven-compound cucumber lure, loaded in either plugs or glass capillaries, attracted more flies than traps containing Solulys protein over a 9-wk period. However, both cucumber lure formulations showed marked declines in the number of flies trapped after 3 wk. Similar results were obtained during a 6-wk field trial using 100 mg cucumber lure plugs in Taiwan. Increasing the cucumber lure loading rate to 300 mg/lure increased the effective trapping life of the attractant during a second 9-wk field trial conducted in Hawaii. The synthetic cucumber lure showed female-biased sex ratios in trap captures in the Taiwanese and second Hawaiian field trials. Protein lures captures were female-biased in all three field trials. Wet traps in Hawaii containing the cucumber lure were found to capture 25-30 nontarget insects/trap/week, less than half that captured with Solulys. Captured nontarget insects represented 37 families in 10 orders. The most common families caught were Ceratopogonidae ($9 flies/trap) and Gryllidae ($7 crickets/trap). The melon fly, Zeugodacus cucurbitae (Coquillett) [formerly classified as Bactrocera (Zeugodacus) cucurbitae (Virgilio et al. 2015)], is a serious tropical pest of cucurbits, tree fruits, and related crops throughout Asia, Africa, and the Pacific (Dhillon et al. 2005).
by killing females and preventing future offspring, than male lures (Jacobson et al. 1971 , Siderhurst and Jang 2010 . Host plant kairomones are a particularly promising source of female attractants, as these semiochemicals are important to many tephritid fruit fly behaviors, such as host finding and oviposition, and have been studied as sources of attractants for detection and control , Quilici et al. 2014 .
While melon fly has an extensive host range, damaging over 81 plant species, plants in the Cucurbitaceae family are preferred hosts (Miller et al. 2004 , Dhillon et al. 2005 , Piñero et al. 2006 . Freshly sliced cucumber are especially attractive (Miller et al. 2004 , Piñero et al. 2006 , and volatiles from blended cucumbers have been developed into a nine-compound synthetic attractant (Siderhurst and Jang 2010) . Field trap captures of melon flies using this synthetic cucumber lure were twofold higher than with Solulys protein bait and were female-biased (Siderhurst and Jang 2010) . A related sevencompound synthetic cucumber lure (the development of which is described as part of this research) has also been shown to attract the closely related cucumber fly, B. cucumis (French), in north Queensland, Australia (Royer et al. 2014) . Traps containing the seven-compound cucumber lure captured more B. cucumis than both orange ammonia and Cera Trap (Bioibérica, S.A., Barcelona, Spain) (Royer et al. 2014) .
The objective of the present study was to further evaluate the attractiveness of an all-in-one synthetic cucumber lure (all compounds formulated into a single plastic matrix) both in Hawaii and in Taiwan, where the melon fly is also a problem. Initially, we conducted bioassays to determine the effect of reducing the number of compounds in the synthetic lure from nine to seven. Subsequently, the seven-compound lure was evaluated over 6-(Taiwan) or 9-wk (Hawaii) periods with comparison with a standard liquid protein bait in luffa (sponge gourd) or papaya fields, respectively.
Materials and Methods

Insects
Adult flies used in bioassays were obtained as pupae from the massrearing unit at the USDA-ARS Pacific Basin Agricultural Research Center, Hilo, Hawaii. Larvae were reared on a standard wheat, sugar, yeast diet (Tanaka et al. 1969) . Pupae were placed into 30 by 30 by 30-cm 3 cubical aluminum screen cages containing sugar, water, and hydrolyzed protein. Flies were held at 24 C, 60-80% RH, and a photoperiod of 12:12 (L:D) h until use. Flies were approximately 9-11-d-old when tested in bioassays and presumed to be mated (approximately >95% of females from mixed cages are mated by Day 7; Jang et al. 1997 ).
Chemical Lures
All synthetic compounds used for cucumber lure formulation were purchased from Sigma-Aldrich, Saint Louis, Missouri. Compound purities were >98% based on GC analysis. Glass capillary tubes were used to present compounds in all bioassay and in the first field trial. Compounds presented in glass capillary tubes (1 or 5 ml) were neat/undiluted with each component in a separate capillary. An allin-one seven-component formulation, containing (Z)-6-nonenal, (Z)-6-nonen-1-ol, 1-octen-3-ol, (E,Z)-2,6-nonadienal, (E)-2-nonenal, hexanal, and 1-hexanol in a 1:1:5:5:1:1:1 ratio-based volume, was developed using a proprietary PVC polymer matrix by Scentry Biologicals (Billings, MT). PVC plugs loaded with either 100 or 300 mg (total material/plug) of synthetic cucumber lure were tested.
Commercially available cuelure plugs (2 g) were also formulated by Scentry for use in this study.
Bioassays
An outdoor multiple trap rotating olfactometer was used to evaluate the attractiveness of blends of cucumber volatiles to melon flies. The outdoor olfactometer consisted of a 3 by 3 by 2.5-m rectangular wood-framed screen cage (Jang et al. 1997 ) that was used to compare different treatments in competitive tests. A rotating hub with 10 arms, $62 cm in length, was hung from the center of the cage $1.8 m from the floor. The arms of the motorized hub unit revolved at a rate of 1.5 rpm. Treatments were prepared by affixing, with tape, capillaries containing synthetic compounds within small invaginated glass McPhail traps. The bottoms of these traps were then filled with 30 ml of water containing two drops of the nonionic surfactant IGEPAL. Traps were randomly assigned to hub arms. Approximately 1,000 flies of each sex were placed in the outdoor cage. The duration of each test was approximately 4 h (initiated 0900-1000; terminated 1300-1400). Tests were conducted under ambient outside conditions (usually 23-28 C) and only natural (indirect) light was used. Tests were never conducted on days when rain was persistent and heavy. At the end of each test, flies were removed from the traps, counted, and separated by sex. Between replicates, capillaries were removed from traps, which were then washed with hot soapy water. Each experiment was replicated three or four times.
Three bioassay experiments were conducted to determine the effect of removing one or more compounds from the original synthetic cucumber lure identified by Siderhurst and Jang (2010) . The first bioassay experiment tested melon fly attraction to blends with acetic acid, (Z)-6-nonenal, and 1-octen-3-ol removed (Fig. 1A) . The second bioassay experiment tested blends with (E)-2-octenal and 1-hexanol removed (Fig. 1B) . The third bioassay experiment tested blends with acetic acid, hexanal, (E)-2-octenal, and (Z)-6-nonenal removed (Fig. 1C ).
Field Testing
Three field trials were conducted with the seven-component synthetic cucumber lure, two in Hawaii and one in Taiwan. Field trials in Hawaii were conducted in papaya orchards in the Shipman Agricultural Park near Keaau, on the Island of Hawaii. The first 9wk field trial, conducted 29 January 2008-1 April 2008, compared the seven-component synthetic cucumber lure (100 mg deployed in capillaries or PVC plugs) with Solulys protein. Lures were placed in Multilure traps (Better World Manufacturing, Inc., Fresno, CA). Cucumber lure plugs were placed in the "basket" portion of the trap while capillaries were affixed within the top-half of a trap with tape. Traps with both cucumber lure formulation contained 300 ml of a 10% polypropylene glycol solution in the base of the trap to trap flies. Solulys traps contained a mixture of 300 ml of Solulys AST protein bait (8%; Roquette America, Bridgeview, Illinois) containing 4% Borax at the base of the trap. A randomized complete block design was used with traps placed 20 m apart on the borders of the papaya field. Four traps of each treatment were serviced and rotated within each block weekly. Protein traps were topped up with fresh protein at each service. Female and male Z. cucurbitae flies were counted and recorded on each service day.
The second 6-wk field trial, conducted 26 September 2008-6 November 2008, carried out in a 0.5-ha luffa (sponge gourd) field located in Yuchih, Natou, Taiwan, compared the seven-component synthetic cucumber lure 100-mg plugs with a hydrolyzed protein lure and cuelure. McPhail-style traps manufactured in Taiwan (Jenn Yeong Biotech Ltd., Taiping City, Taiwan, ROC) were used in this study. The traps used had similar dimensions, yellow-colored bottom with a clear top, and ability to hold approximately 300 ml of liquid solution, closely approximating the Multilure traps used in Hawaii. Trap contained either a 100-mg cucumber plug (Scentry Biologicals) with 300 ml of water with 1% malathion (25% AI, wettable powder), cuelure (8 ml containing 5% naled) on a 3.5 by 3.5 by 0.8-cm 3 fiberboard block hung inside the dry trap, or 300 ml of "KeKuoYing" hydrolyzed protein (Jianon Enterprises Co., Ltd. Taiwan, ROC) held in the bottom of the trap. Negative control traps, containing 300 ml of water with a surfactant, were also deployed. Ten replicates (rows) for each of four treatments (traps) were placed in a randomized complete block design with traps placed 5 m apart within each row and 7 m between each row of luffa. Traps were checked and rotated weekly for 6 wk and topped up with fresh protein at each service.
The third 9-wk field trial, conducted 4 May 2009-25 November 2009, carried out in Hawaii at the same location as the first field trial, compared two synthetic cucumber lure plug loadings (100 or 300 mg) with Solulys. Trap type, preparation, deployment, rotation, and servicing were identical to the first field trial. Traps were deployed in three sequential 9-wk periods with 10 traps/treatment deployed and serviced during the first two 9-wk periods and 20 traps/ treatment used for the final period.
Nontarget insects were collected from trap captures on three dates: 20 July, 27 July, and 3 August 2009. Nontarget insects were quantified and identified to the species level, whenever possible, using the appropriate Insects of Hawaii taxonomic key and introduction status obtained using the Hawaii Terrestrial Arthropod Checklist (Nishida 2002) .
Data Analysis
Results were analyzed using the Fit Model platform of JMP Statistical Discovery Software, version 10.0.0 (SAS Institute 2012). Bioassay and field trap captures were analyzed with either ANOVA followed by means comparison using Tukey's HSD studentized range test or by t-test. Lure, week, sequence (for the third field trial), and the interaction of lure Â week were tested as model effects for all three field trials. The negative control used in the Taiwanese field trial did not capture any flies and was therefore excluded from the analysis. All analyses of significance were made at the P < 0.05 level of significance.
Results
Three rotating olfactometer experiments were conducted to determine the effect of removing one or more compounds from the original synthetic cucumber lure identified by Siderhurst and Jang (2010) . No differences in male, female, or total-fly trap captures were observed between the cucumber lure blends in the three bioassay experiments (Fig. 1) . The only significantly different treatment was the negative control included in the second bioassay experiment (Fig. 1B) .
The first field test, conducted in Hawaii, compared 100 mg of the seven-compound synthetic cucumber blend, contained in either a PVC plug or in glass capillaries, and Solulys. Both lure type and week (trapping period), as well as lure Â week interaction, were found to have significant impacts on the total number of melon flies trapped: lure (F ¼ 16.82, df ¼ 2,153, P < 0.001), week (F ¼ 23.95, df ¼ 8,153, P < 0.001), and lure Â week (F ¼ 6.13, df ¼ 16,153, Siderhurst and Jang (2010) , in a rotating outdoor olfactometer. Abbreviations for tested compounds are as follows: acetic acid (AA), 1-octen-3-ol (1-8:3-ol), (E)-2-octenal (E2-8:al), (Z)-6-nonenal (Z6-9:al), (E,Z)-2,6-nonadienal (E2Z6-9:al), (E)-2-nonenal (E2-9:al), (Z)-6-nonen-1-ol (Z6-9:1-ol), hexanal (6:al), and 1-hexanol (6:1-ol). No significant differences (P < 0.05) were found between the mean numbers of flies caught, with the exception the negative control in the second bioassay experiment (B) (ANOVA, followed by Tukey's HSD). P < 0.001). Overall total (combined male and female fly counts 6 SE) mean trap captures were not different between the 100-mg plugs (845 6 212 flies/trap/week) and 100-mg capillaries (1097 6 209 flies/trap/week), but both were significantly higher than trap captures with Solulys (338 6 40 flies/trap/week). Both synthetic cucumber lures capture relatively more flies than Solulys through the first 3 wk but trap captures decrease after this time ( Fig. 2A ). Both cucumber lures showed no sex-ratio trap capture bias, whereas Solulys caught more females than males (t-test, P ¼ 0.047; Fig. 3) .
The second field test, conducted in Taiwan, compared the 100mg seven-compound synthetic cucumber blend PVC plug, hydrolyzed protein, and the male attractant cuelure. Both lure type and week (trapping period), as well as lure Â week, were found to have significant impacts on the total number of melon flies trapped: lure (F ¼ 112.29, df ¼ 2,162, P < 0.001), week (F ¼ 8.15, df ¼ 5,162, P < 0.001), and lure Â week (F ¼ 11.31, df ¼ 10,162, P < 0.001). Overall, total (combined male and female fly counts) mean trap captures were higher for the 100-mg plug (190 6 22 flies/trap/week) than for both cuelure (10 6 2 flies/trap/week) and Solulys (27 6 4 flies/trap/week). Mean trap captures were significantly higher for the synthetic cucumber lures for the first 4 wk but were statistically equivalent with the hydrolyzed protein in weeks 5 and 6 ( Fig. 2B ). All lures showed sex-biased trap captures, with the cucumber lure and protein catching more females than males (t-tests, cucumber: P ¼ 0.009, protein: P ¼ 0.025), whereas the cuelure caught almost entirely male flies (t-test, P < 0.001; Fig. 3) .
The third field test, conducted in Hawaii, compared both 100mg and 300-mg seven-compound synthetic cucumber blend PVC plugs, and Solulys. Lure type, week (trapping period), and sequence (first, second, or third 9-wk trapping period) were found to have significant impacts on the total number of melon flies trapped, whereas the interaction as lure Â week was marginally insignificant: lure (F ¼ 27.05, df ¼ 2,1051, P < 0.001), week (F ¼ 3.45, df ¼ 8,1051, P ¼ 0.001), sequence (F ¼ 34.94, df ¼ 2,1051, P < 0.001), and lure Â week (F ¼ 1.62, df ¼ 16,1051, P < 0.058). Overall, total (combined male and female fly counts) mean trap captures were highest for the 300-mg plug (83 6 8 flies/trap/week), followed by the 100mg plug (51 6 5 flies/trap/week), which were in turn significantly higher than trap captures with Solulys (28 6 2 flies/trap/week). The 300-mg synthetic cucumber lure captured relatively more flies than the 100-mg plug and Solulys after the first 2 wk of trapping (Fig.  2C) . The 100-mg plug was not significantly higher than Solulys any week of trapping (Fig. 2C ). All lures showed female-biased trap captures (t-tests, 300 mg: P ¼ 0.001, 100 mg: P ¼ 0.008, protein: P < 0.001; Fig. 3 ). Trap captures were 61.1% females for the 300mg plug, 60.0% for the 100-mg plug, and 62.5% for Solulys.
Nontarget insects collected from trap captures in Hawaii were found to belong to more than 40 families in 12 orders (Table 1) . Dipterans were the most often captured nontargets, representing 62, 59, and 56% of total nontargets collected from 300-mg cucumber plug, 100-mg cucumber plug, and Solulys respectively. Orthopterans were also commonly trapped, representing 30, 26, and 37% for the lures referenced above, whereas the remaining 8, 15, and 7% consisted of "other" nontargets. Species determination of the two primary orders (Diptera and Orthoptera) resulted in 35þ species, only 9 of which were endemic. Approximately 90% of the captured Drosophilidae were native species. A list of the relative abundance/occurrence for each family/trap/week is shown in Table 1 .
Discussion
Rotating olfactometer experiments conducted to determine the effect of removing one or more compounds from the original synthetic cucumber lure identified by Siderhurst and Jang (2010) found no differences between any of the cucumber lure blends. Of the compounds targeted for removal from the lure blend, acetic acid was of primary interest, as it was not readily compatible with the PVC formulation. (E)-2-octenal was also targeted for removal, as it may be a more ubiquitous plant odor and be less indicative of the cucumber odor. In particular, (E)-2-octenal is not an oxygenated six-or ninecarbon, lipoxygenase (LOX) pathway product (Hornostaj and Robinson 1999, Feussner and Wasternack 2002) , as are the majority of the compounds included in the nine-compound lure blend. Other compounds were tested because they constituted a small amount of material found in cucumber ((Z)-6-nonenal, 1-octen-3-ol, (E)-2octenal) (Siderhurst and Jang 2010) , gave smaller electroantennograms ((E)-2-octenal) (Siderhurst and Jang 2010), or were more highly volatile (1-hexanol and hexanal). Trap catches were highly variable, and more replication may have revealed differences between the tested blends. Based on these results, acetic acid and (E)-2-octenal were removed from the blend and a seven-compound lure was used for field testing.
Evaluations of new single matrix formulations of synthetic cucumber lure developed by Scentry Biologicals for commercial use showed that all-in-one formulations can be as attractive as seven single-component capillaries in attracting wild male and female melon flies in the field, and a 300-mg plug formulation gives better longevity than a 100-mg plug. These results are similar to those obtained with the same seven-compound 300-mg lure tested by Royer et al. (2014) with B. cucumis. In particular, both studies showed similar longevity for the 300-mg lure, and the synthetic cucumber lure caught more flies than the comparable protein baits.
The development of cucumber lure into a single matrix formulation combines the ease of use currently available with cuelure plugs (a single-component male lure) with the added improvement of capturing more females than males. Protein-baited traps, although attractive to both sexes, caught significantly fewer flies and did not last nearly as long as the synthetic cucumber formulations. A female attractant for melon fly has been a goal for many who work on attractants for tephritid fruit flies Light 1996, Siderhurst and Jang 2010) and follows earlier behavioral research that suggested that kairomones from cucumber may be attractive to this species (Miller et al. 2004 , Piñero et al. 2006 . Heath et al. (1995) developed a synthetic female-biased attractant for the Mediterranean fruit fly (BioLure), showing that female lures could be developed for the tephritid fruit flies. Earlier research and formulation attempts were not as successful as commercial products (Epsky et al. 2014) . Kairomone-based attractants such as BioLure and cucumber lure show commonalities in that the attractants are multicomponent attractants and both capture both males and females but are female-biased. In terms of commercial formulations, our research with Scentry Biologicals Inc. has shown that multicomponent attractants can be formulated into a single matrix with results similar to the attraction of individual components (together) in the same trap. A single matrix cone for Mediterranean fruit fly has also been shown to be just as effective as the single-component BioLure membranes and has been shown to be easier to use and deploy in traps used in detection and mass-trapping programs ).
Trapping of nontarget insects, particularly endemic or beneficial species, is undesirable primarily owing to negative impacts on populations of rare or endangered native insect species and insects that provide ecological services in agricultural settings. Effects on nontarget endemic insects are particularly important to consider when trapping in native forests (Leblanc et al. 2009 ). The incidental capture of nontarget insects in traps intended to capture pest tephritids has been investigated for a number of different lures (Uchida et al. 2007; Leblanc et al. 2009; Leblanc et al. 2010a,b) . Males lures alone attract very few nontarget insects, while secondary attraction to decaying fruit flies may cause the capture of nontargets often seen in traps (Leblanc et al. 2009 ). Attraction to decaying fruit flies likely influences nontarget captures both for the cucumber plug and Solulys. In contrast to male lures, BioLure and protein baits (Torula yeast) have been shown to capture appreciable numbers of nontargets (Leblanc et al. 2010a,b) . Cucumber plug captures of nontargets appear to be generally comparable with captures recorded with male lures and are numerically less than those of Solulys. Particularly encouraging, from a conservation standpoint, is the reduction in the number of Drosophilidae captured with the cucumber lure, especially as agricultural lands and surrounding disturbed forests may be important refugia for this biologically diverse family (Leblanc et al. 2013) .
The attraction of melon flies to traps containing synthetic cucumber lure PVC plugs found in this study holds promise for detection (new infestations/biosecurity), monitoring (for treatment timing), and in control or eradication (e.g., mass trapping, attractand-kill, an attractant added to existing protein insecticide bait sprays such as GF-120) applications. In particular, the finding that the cucumber lure plugs attracted flies longer, captured fewer nontarget insects, and were easier to handle than liquid food-type attractants shows the potential for this attractant as a tool for combatting melon flies as horticultural pests. 
